ABSTRACT This paper presents an output-feedback control method for cooperative diving of multiple homogenous under-actuated saucer-type autonomous underwater gliders (AUGs) subjected to unmeasured velocities, model uncertainties, as well as unknown environmental disturbances. A robust cooperative diving controller is constructed by using a modular back-stepping design method. First, a fuzzy observer combined with a low-frequency learning scheme is presented to identify the unknown AUG dynamics as well as to estimate the unmeasured velocities. Second, a commanded guidance law is designed based on the observed velocities and a vertical line-of-sight guidance scheme at the kinematic level, and fuzzy dynamic control law is developed at the kinetic level. Finally, a non-periodic path update law based on an event-triggered mechanism is designed to reduce the communication frequency. By using the cascade theory, the stability of the closed-loop system is analyzed. The simulation results are provided to show the effectiveness of the proposed output-feedback control approach for saucer-type AUGs.
I. INTRODUCTION
In recent years, autonomous underwater glider (AUG), as a new class of autonomous underwater vehicle (AUV), has drawn compelling interest due to its broad applications in the field of oceanographic sampling, marine exploration, maritime reconnaissance, etc. [1] - [3] . With the maturity of motion control methods for single AUG, cooperative control of multiple AUGs has received tremendous attention. Numerous cooperative control methods of marine vehicles have been reported, and the motional scenarios can be divided into cooperative target tracking [4] , [5] , cooperative trajectory tracking [6] , [7] , and cooperative path-following [8] - [16] . In particular, cooperative path-following is to force multiple
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vehicles to move along predesigned parameterized paths while holding a desired formation.
In [8] , a cooperative path-following controller is devised for a fleet of autonomous surface vehicles (ASVs) to keep a desired formation. In [9] , a cross-track control scheme and a synchronization control scheme are combined to construct a cooperative path-following controller for multiple ASVs. In [10] , Lyapunov theory, nonlinear control theory and a back-stepping technique are used to achieve the synchronized path-following control for AUVs. In [11] , a cooperative path-following controller is constructed for a family of fully-actuated ASVs to follow multiple closed orbits. In [12] , a cooperative path-following design approach is presented for a group of ASVs based on a reduced-order extended state observer and a line-of-sight (LOS) guidance scheme. In [13] , a cooperative path-following design is presented for multiple ASVs subjected to parametric uncertainty and unknown disturbances. In [14] , a distributed path-following problem is investigated for multiple ASVs moving along a parameterized path. In [15] , a cooperative path-maneuvering controller is devised for ASVs to achieve a symmetric formation. In [16] , a cooperative path-following controller is constructed for AUVs by using an event-triggered communication strategy.
It is noteworthy that the designed cooperative pathfollowing controllers in [8] - [16] are based on state-feedback, the state variables including positions, attitude angles, linear velocities and angular velocities are required to be directly measured. In fact, it requires various types of sensors to measure all states information. In many practical engineering systems, for example marine vessels, always contain immeasurable states or some states are not necessary to be measured directly. In such cases, an output-feedback control is desirable [17] , [18] . The output feedback control design is constructed for marine vessels in the literature [19] , [20] . In [19] , the unmeasured velocity information are estimated by using a high-gain observer, and an output-feedback pathfollowing control law is presented for an ASV. In [20] , an extended state observer is presented to estimate the total uncertainty and unmeasured velocities of an AUV. The previous contributions are devoted to the output-feedback control within one single ASV or AUV in [19] , [20] . To the best of our knowledge, few works concerns the output-feedback control of multiple marine vessels.
In the existing results [8] - [15] , the cooperative schemes in the path-following strategies adopt the continuous or periodic communication between neighbors. While it is hard to use the continuous or periodic communication in the underwater condition due to the limited communication resource. In real world, the lack of efficient communication links is a challenge for AUGs. When carrying out underwater operations, AUGs usually adopt underwater acoustic channel for communication. However, considering the inherent characteristics such as narrow band, high noise and long delay [21] , it is difficult for the underwater acoustic channel to meet the urgent demand for real-time control of AUGs. Therefore, it is of great importance to reduce the communication burden. In recent years, event-triggered mechanisms have been proposed for resource-constrained systems [22] - [29] . By using event-triggered mechanisms, the communication is executed only when the predefined event is triggered, such that the communication frequency can be reduced.
Motivated by the above observations, an output-feedback control method is proposed for cooperative diving of homogenous under-actuated saucer-type AUGs by using a fuzzy observer and an event-triggered communication strategy. The AUGs are subjected to model uncertainties and unknown environmental disturbances, and the linear velocities and angular velocities are unavailable for feedback control design. First, a fuzzy observer is designed for each AUG using recorded input and output data to identify the unknown AUG dynamics as well as to estimate the unmeasured velocities.
Second, a vertical guidance law is constructed at the kinematic level based on an LOS guidance principle and observed velocities, and a fuzzy dynamic control law is designed at the kinetic level. Third, an event-triggered mechanism is employed to construct a non-periodic path update law, which is capable of reducing the communication frequency. The stability property for the closed-loop system is analyzed based on the cascade stability theory and the input-to-state stability theory.
The main contributions of this paper are summarized as follows. Firstly, compared with the cooperative path-following design methods based on the state-feedback control strategy addressed in [8] - [16] , an output-feedback control method for cooperative diving without using velocity measurements is constructed for AUGs, and the unmeasured velocity information can be identified by the designed fuzzy observer. Secondly, in contrast to the observer-based output-feedback control in [19] , [20] , a fuzzy observer combined with a lowfrequency learning scheme is designed to avoid incurring high-frequency oscillations [39] . Thirdly, compared with the cooperative schemes in path-following strategies with the continuous or periodic communication in [8] - [15] , a nonperiodic path update law is proposed by employing an eventtriggered mechanism such that the communication frequency is reduced.
The structure of this paper is designed as follows. In Section II, the necessary preliminaries and problem formulation are stated. In Section III, the cooperative diving control law is constructed for AUGs. Section IV presents the main results of the proposed control law. Section V shows the simulation results. Finally, concluding remarks are given in Section VI.
II. PRELIMINARIES AND PROBLEM FORMULATION A. NOTATION
Throughout the paper, N represents the n-dimensional Euclidean space; · denotes the 2-norm of a vector; | · | represents the absolute value of a real number; diag{·} represents a diagonal matrix; λ min (·) and λ max (·) are the smallest and biggest eigenvalues of a square matrix, respectively; λ 2 (·) is the smallest nonzero eigenvalues of a square matrix; N i represents the set of neighbors of AUG i, and its cardinality is written as N i ; Z ≥0 denotes the set of non-negative integers; 1 N represents the N -dimensional column vector with all entries 1; 0 3 ∈ 3×3 is a zero matrix, and I 3 ∈ 3×3 is an identity matrix.
B. GRAPH THEORY
Let a graph be denoted by G = {V, E}, which consists of a node set V = {n 1 , . . . , n N } and edge set E = {(n i , n j ) ∈ E × E}. The element (n i , n j ) is used to describe the communication from node i to node j. The adjacency matrix A = [a ij ] ∈ N ×N associated with the graph G is defined as a ij = 1, if (n j , n i ) ∈ E; and a ij = 0, otherwise. The Laplacian matrix L associated with the graph G is defined as L = H − A, where 
A direct path from node i to node j is a sequence of successive edges in the form {(n i , n k ), (n k , n l ), . . . , (n m , n j )}. If there is a root node, a direct graph has a spanning tree such that there exists a directed path from the root to every other node. The digraph G is undirected if a ij = a ji . An undirected graph is connected if there exits a path between any two nodes.
Assumption 1: The communication graph G is undirected and connected in this paper.
C. MODEL OF AUGS IN VERTICAL PLANE
In this subsection, a saucer-type AUG designed at Dalian Maritime University is introduced firstly. Then, the mathematical model of the AUG is described. Fig. 1 shows the shape and the internal structure of the AUG. Consider a networked homogenous under-actuated saucer-type AUGs numbered from 1 to N . The ith AUG (i = 1, 2, . . . , N ) can be divided into a rigid body named m irb , a variable ballast actuator for regulating buoyancy named m ib with fixed-position and four sliding blocks named m ip11 , m ip12 , m ip21 and m ip22 , respectively. The blocks m ip11 and m ip12 can slide along the longitudinal slideway located in the symmetry plane of the AUG, m ip21 and m ip22 can slide along the horizontal slideway. Since the blocks m ip11 and m ip12 have the same quality, symmetrical distribution and working state, they can be equivalent to one sliding block, named m ip1 . Similarly, the blocks m ip21 and m ip22 can be defined as one block m ip2 .
In this paper, the volume V i of the AUG is assumed to be constant. The total mass of the AUG can be written as follows:
According to the Newton-Euler formulation for a rigid body, we can get the following balancing forces and moments:
where represents the angular velocity of the body-fixed frame relative to the earth-fixed frame; R iG denotes the position vector of the center of gravity in the body-fixed frame; J iG is the inertia matrix of the glider with gravity center at the origin of the body-fixed frame. Affected by two sliding mass blocks, the coordinates of the center of gravity can be written as follows:
where x irb , y irb , and z irb are the coordinates of the center of gravity excluding the sliding blocks; x ip1 and x ip2 are the positions of the blocks m ip1 and m ip2 on the x axis, respectively; y ip1 and y ip2 are the positions of the blocks m ip1 and m ip2 on the y axis, respectively. Using (2) and (3), and referring to the AUGs in [3] , [30] and [31] , the dynamic equations of the ith saucer-shaped AUGs can be obtained:
where
where A ijj (j = 1, 2, . . . , 6) is the added mass and the added moment of inertia; I ixx , I iyy , and I izz are the moments of inertia; M iw , X iuu , X iww , Y iv , Y iv|v| , and Z iw are the hydrodynamic coefficient with respect to linear velocity; K ip , K ip|p| , M iq , M iq|q| , N ir , and N ir|r| are the hydrodynamic coefficient with respect to angular velocity; θ i and ϕ i are the pitch and yaw angle, respectively; x iB , y iB and z iB are the coordinates of the floating center; ρ is the sea-water density; g is the gravity acceleration.
Generally, the motion of an AUV moving in six degrees of freedom (DOFs) at high speed is highly nonlinear and coupled. According to (4) , it can be concluded that the hydrodynamic parameters of the AUG dynamics are nonlinear and coupled, which makes it difficult to design the control algorithm directly. However, the nominal speed of the saucer-type AUG is about 0.2m/s. Due to the saucer-type glider has three planes symmetry, the off-diagonal elements in the matrix M i11 , M i12 , M i21 and M i22 can be neglected [32] . Hence, the four matrices can be obtained as the matrix W i by a simple expression:
AUGs with a motion of six DOFs can move in a three-dimensional plane. Usually, the motion in the horizontal plane and the vertical plane can be considered independently [33] , [34] . Because the typical moving condition of AUGs is gliding in the vertical plane [35] , [36] , this paper is concerned with the cooperative diving problem in the vertical plane. The kinetic equation of the ith saucer-type AUG in the vertical plane can be simplified as follow:
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The motion of the ith AUG in the vertical plane can be expressed as the following kinematic equations:
and kinetic equations:
x i and z i are the positions in X E -Z E coordinate frame as shown in Fig. 2 ; d iu , d iw , and d iq denote the external environmental disturbance; τ iu and τ iq represent the control inputs;
are nonlinear functions concerned with hydrodynamic damping effects.
In order to facilitate the observer design later, define
Then, the AUG dynamics in (7) and (9) can be rewritten as follows [37] :
where restoring forces and moments; R(θ i ) ∈ 3×3 is a rotation matrix described as follows:
D. CONTROL OBJECTIVE
The reference parameterized path is described as p id (χ i ) = (x id (χ i ), z id (χ i )) in the X E -Z E coordinate frame, χ i is the path variable herein. It is assumed that p id (χ i ) and its norder derivatives are bounded. The tangential angle of the predefined path can be described as:
where z id (χ i ) and x id (χ i ) are the partial derivatives of z id (χ i ) and x id (χ i ), respectively. For the ith AUG located at (x i , z i ), the path-following errors can be expressed as:
Taking the time derivatives of x ie , z ie and using (7), one has:
The control objective is to construct a cooperative diving controller for AUGs, such that they can follow the parameterized path p id (χ i ). Specifically, the control objective can be decomposed into two tasks as follows: Furthermore, the AUG should satisfy the desired speed assignment:
where v s is a path update velocity for the path variable χ i , and δ 3 is a small positive constant.
(ii) Event-triggered path variable synchronization task: By using an event-triggered mechanism, a cooperative variable error and an event-triggered condition (ETC) are constructed, such that the path variables can be designed to satisfy:
where i = 1, . . . , N , j ∈ N i , and δ 4 is a positive constant. Specially, we should note that there is no data transmissions between AUGs while the ETC is valid. Once the ETC is broken, the communication is occurred to transmit the necessary information and update the path variables.
III. COOPERATIVE DIVING CONTROL LAW DESIGN AND ANALYSIS

A. OBSERVER DESIGN
Due to the water pressure variation and the influence of ocean currents, AUGs are suffered from parametric model uncertainties and external environmental disturbances. Beyond that, the velocity information of AUGs may be available. In this section, a fuzzy observer is constructed to estimate the system uncertainties and the unmeasured velocities by using the obtained position-heading information.
, and q i , respectively. Through the fuzzy approximation, the AUG dynamics (9) can be written as:
T is a fuzzy vector given by [18] , [38] :
where the input and output vectors
T , and t d is the sample period herein;
→ N are known continuous activation functions satisfying ||β i (·)|| ≤ β * i with β * i being a positive constant;
is an estimate of a set of bounded weights i ∈ N ×3 .
The update law forˆ i can be designed as follows:
where i ∈ and k i ∈ are positive constants.
Here a low-frequency learning update law is used for updatingˆ i , then (19) can be rewritten as [39] :
whereˆ if is a low-pass filter weight estimate ofˆ i , ι i is a positive constant.
Define the velocity estimation error asν i =ν i − ν i , it follows from (9) and (17) that:
where i is a reconstructing error satisfying i ≤ * i , and * i is a positive constant herein. (21) can be put into:
A block-diagonal transformation Z i = T iXi with T i = diag{R T (θ i ), I 3 } is designed to eliminate the dependence of A i on θ i , then it can be achieved that:
Using (20) and (23), the error dynamics of Z i and˜ i can be expressed as:
The stability of the observer error subsystem (24) can be analyzed by using the simultaneous inequalities as follows:
50458 VOLUME 7, 2019 where Q i is a positive definite matrix; F i = P i B i − C T i0 , and P i is a positive definite solution of (25) ; i ∈ is a positive constant;ξ * i is an upper bound for ξ i , therefore |ξ i | ≤ξ * i . The following lemma presents the stability of the observer error subsystem (24) .
Lemma 1: The observer error subsystem (24) is input-tostate stable (ISS) with the states being Z i and˜ i , and inputs being i and i , provided that:
Proof: Construct the following Lyapunov function candidate:
Taking the time derivative of V i1 , it follows that:
(27) By using (25) and the inequalities:
(27) can be written as:
Letting c i1 = min λ min (Q i ), k i /2 − σ * 2 i /2 i , and noting that c i1 > 0 under the condition (26) , it can be concluded that:
where 0 < ρ i1 < 1. By using Theorem 4.19 in [40] , we can conclude that the observer error subsystem (24) is ISS.
Choosing ι i1 (s) = (λ min (P io )/2)s 2 and ι i2 (s) = (λ max (P io )/2)s 2 with P io = diag{P i , −1 i }, it follows that there exists a class KL function α i1 (·) satisfying [41] :
i1 c i1 and ι ε i i1 (s) = s λ max (P io )/2λ min (P io )ρ 2 i1 c i1 are the gain functions. This proof is completed.
B. PATH-FOLLOWING CONTROL LAW DESIGN
In this subsection, an output-feedback path-following control law is presented based on the observer (17) , such that AUGs can be steered along the predesigned paths without using velocity measurements. The control law design can be divided into two steps, which are delineated as follows.
Step 1: In this proceeding step, a guidance law is presented by using the observed velocities. Define
where α i is an estimated angle of attack; ω i is an event-triggered path variable to be designed later;
sign(û i ) where sign(û i ) = 1, whenû i ≥ 0, and sign(û i ) = −1, ifû i < 0; ε iû ∈ is a small positive constant, which is employed to manage the singularity when u i =ŵ i = 0.
According to (31) , the tracking error dynamics in (13) can be written as:
The following guidance law can be constructed based on the observed velocitiesû i andŵ i :
where i ∈ is a positive constant; k ix ∈ and k iθ ∈ are control gains. VOLUME 7, 2019 Definingθ ie = θ i − θ id , and substituting the guidance law (33) into (32), we can get:
Step 2: In this step, a kinetic control law is developed for each AUG based on the observed velocities.
According to (17) , the dynamics of the observed surge velocityû i and pitch rateq i can be described as: (35) where z i1 denotes the first entry of Z i .
By using (35) , the time derivative ofũ ie andq ie can be expressed as:
With the purpose of stabilizing (36), a kinetic control law is designed as follows:
where k iu and k iq are positive constants;
; ε iu ∈ and ε iq ∈ are both small positive constants, which are employed to manage the singularity when b iu = 0 and b iq = 0, respectively. By using (37) , (36) can be rewritten as:
Combining (34) and (38), the tracking error subsystem can be described as follow: (39) can be put into:
The following lemma presents the stability of the tracking error subsystem (40) .
Lemma 2: The tracking error subsystem (40) composed of the states being E i2 and inputs being Z i and l, is ISS.
Proof: Pick a Lyapunov function candidate:
Taking the time derivative of V i2 along (40), it follows that:
Noting that
it renders:
where 0 < ρ i2 < 1. It follows that the subsystem (40) is ISS, and there exists a class KL function α i2 (·) satisfying [41] :
are the gain functions. This proof is completed.
C. EVENT-TRIGGERED PATH UPDATE LAW DESIGN
In this subsection, an event-triggered path update law is presented to reduce the communication frequency between AUGs.
At first, define a distributed coordination error based on the information of neighbors:
In fact, in order to implement (45), constant measurement of the states of neighboring AUGs is required. While, in many cases, it is practically not necessary or even feasible. In order to reduce the communication frequency, an event-triggered communication strategy is presented.
Let t i k denote the event time for all k ∈ Z ≥0 , t i k+1 represents the next event time to be designed later,χ i is the path variable of AUG i estimated by itself,χ j represents the path variable of AUG j estimated by the AUG i, andχ j (t) is the estimation error of χ j (t), then the three variables can be described as follows:
where t j k j is the most recent event time on AUG j. Then the event-triggered cooperative variable error can be defined as follows:
. (47) Then (47) can be rewritten as:
Substituting (46) into (48), the resulting event-triggered cooperative variable error can be expressed as:
whereδ j (t) = j∈N iχ j (t). The path update law in (31) can be achieved as:
where µ i is a positive constant. Submitting (49) into (50), the event-triggered path update law can be achieved in the final form:
Letting 
where µ = diag(µ 1 , . . . , µ N ), and
. In order to facilitate the stability analysis, define the eventtriggered cooperative error as, σ χ := χ − ς 1 N , σ χ i := χ i − ς1 N , where ς = (1/N )1 T N χ is the average of path variables of all AUGs, Lχ = Lσ χ and 1 T N σ χ = 0. Then the event-triggered cooperative error subsystem can be achieved as follows:
Specifically, the following two parts should be clarified for the integrality of the event-triggered path update law:
(i) Information packet: At the event time t i k , each AUG i will transmit the information packet
(ii) ETC: The ETC in the event-triggered path update law is given as follow [16] :
where k iξ is a positive constant, and 0 < k iξ < 1. The next event time t i k+1 is defined as follows:
and τ ub > 0 is designed as an upper bound to the inter-event time. It can be achieved that t i k+1 − t i k > 0 [16] , which means that the Zeno behavior is excluded.
The following lemma presents the stability of the cooperative error subsystem (53).
Lemma 3: The cooperative error subsystem (53) composed of the states being σ χ , and the inputs beingc ie ,δ, and r e , is ISS.
Proof: Consider a Lyapunov function:
Taking the time derivative of V 3 along (52), it follows that:
Noting that all AUGs j ∈ N i use the same packet I i (t i k ) to estimate the path variables of AUGs i, therefore the path variable estimation errorχ i = χ i −χ i is identical for all the AUG j. Besides, the communication topology is undirected, such that it can be achieved that j∈N iχ j ≤ N iχi . Then it can be achieved that:
it renders:V It follows that the subsystem (53) is ISS, and there exists a class KL function α i3 (·) satisfying [41] :
where ι˜c 2 are the gain functions. This proof is completed.
D. STABILITY ANALYSIS
Theorem 1:
The cascade system composed of the observer error subsystem (24), the tracking error subsystem (40) , and the event-triggered cooperative error subsystem (53) is ISS. Proof: According to Lemma 1 and Lemma 2, the observer error subsystem (24) with the states being Z i and˜ i , and inputs being i and i , is ISS; the tracking error subsystem (40) with the state being E i2 and inputs being Z i and l, is ISS. By applying Lemma C.4 in [42] , it follows that the cascaded system formed by two subsystems (24) and (40), with respect to the state being˜ i , Z i , and E i2 , the inputs being i , i , and l, is ISS. According to Lemma 3, the eventtriggered cooperative error subsystem (53) with the states being σ χ , and the inputs beingc e ,δ and r e , is ISS. Because |l iε | ≤ ε i , there is a constant l * satisfying l ≤ l * . Besides, taking the time derivative ofχ j along (46), it follows thaṫ 
IV. SIMULATION RESULTS
This section presents a simulation example to demonstrate the effectiveness of the proposed output-feedback cooperative diving control law for AUGs. We consider three homogenous under-actuated saucer-type AUGs with the model parameters given in [31] . The external environmental disturbance is modeled as a first-order Gauss-Markov process asḋ ik + γ ik d ik = w k , γ ik > 0, k = u, w, q, and w k represents white noises. The initial states of three AUGs are (x 1 , y 1 , z 1 , θ 1 ) = (0, 0, 0, 0), (x 2 , y 2 , z 2 , θ 2 ) = (10, −16, −5, 0), and (x 3 , y 3 , z 3 , θ 3 ) = (20, 16, −10, 0). The AUGs are forced to track three parameterized paths designed as follows:
The control parameters are chosen as:
The simulation results are provided in Fig. 3-7 . Specifically, Fig. 3 represents the output-feedback control method for cooperative diving of multiple of AUGs in the vertical plane, and AUGs can track three predefined paths even if distracted by external disturbances. Fig. 4 and 5 illustrate the tracking errors x ie and z ie respectively, and it reveals that the tracking errors are convergent to a small neighborhood of the origin. The evolution of the path variables χ i is shown in the Fig. 6 . The triggering events within three diving cycles of AUGs are plotted in Fig. 7 . The number 1 and 0 in the longitudinal coordinates denote the events based on the eventtriggered communication scheme and time-triggered communication scheme, respectively, it can be concluded that the event-triggered communication scheme is non-periodic. One can see that when the communication is necessary, triggered events are more intensive, and vice versa, such that at the beginning of the cooperative diving, the communication frequency is relatively high. By observing Fig. 4-7 , it can be concluded that the event-triggered coordination starts executing on each AUG at different event time. Fig. 8 and 9 depict the estimation performance of uncertainties in surge and pitch directions, respectively, and it reveals that the system dynamics with model uncertainties and external disturbances can be estimated efficiently by the fuzzy observer. The control inputs in surge and pitch directions are shown in Fig. 10 and 11 , respectively.
Tab. 1 shows the event-triggered times caused by the data of path variables transmitted from different AUGs. The amount of event-triggered communication times (ETCTs), time-triggered communication times (TTCTs), average communication times (ACTs) and the overall communication times (OCTs) are calculated. For the traditional timetriggered communication strategy with the sample period set as 0.04s, it is triggered 46250 times respectively with 1845 seconds. While for the event-triggered control strategy, it only triggered 216 times in average within the same time. Considering periodic transmission as 100% communication, the ACTs of three AUGs only 0.47% of the mission duration. Therefore, the statistical results illustrate that the proposed event-triggered communication strategy significantly reduce the communication times.
V. CONCLUSIONS
This paper presents an output-feedback control method for cooperative diving of multiple homogenous under-actuated saucer-type AUGs with unmeasured velocities, model uncertainties and external disturbances. The cooperative diving controller is constructed based on the fuzzy observer, the vertical LOS guidance scheme, and the event-triggered communication strategy. At first, the unmeasured velocity information and unknown dynamics of AUGs are estimated by using the fuzzy observer. Then, the vertical guidance law and fuzzy dynamic control law are designed at the kinematic level and kinetic level, separately. Finally, the event-triggered path update law is constructed to reduce the communication frequency. The stability of the closed-loop system is analyzed by using the cascade theory. Simulation results are given to demonstrate the effectiveness of the proposed approach for the cooperative diving of AUGs in a vertical plane. For further works, it is of great interest to verify the theory in real-world AUGs.
